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_____________________________________________________________________ 
Abstract: Selenium (Se) is one of the key trace elements required by all animal and most plant life, and Se 
deficiencies in the food chain cause pathologies or death. Here we show from new geochemical analyses of  
trace elements in  Phanerozoicmarine pyrite that sustained periods of severe Se depletion in the past oceans 
correlate closely with three major mass extinction events, at the end of the Ordovician, Devonian and Triassic 
periods. These represent periods of Se depletion >1.5-2 orders of magnitude lower than current ocean 
abundances, being within the range to cause severe pathological damage in extant Se-reliant organisms. 
Accordingly Se depletion may have been one of several factors in these complex extinction scenarios. Recovery 
from the depletion/extinction events is likely part of a natural marine cycle, although rapid rises in global 
oxygen from sudden major increases in marine productivity and plant biomass after each extinction event may 
also have played a crucial role. 
 
1. Introduction 
Many trace elements (TE) are essential for the formation and sustainability of life (Mertz, 1957; Klasing 1998; 
Eisler, 2000). In this study we use a new dataset of TE abundances in past oceans (Large et al., 2015a), to 
discuss whether three of the five Phanerozoic mass extinction events could have been influenced by extreme 
low abundances in the trace element selenium (Se).  
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New Laser Ablation-Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) techniques have been used 
to measure such TE with accuracy down to single parts per billion in pyrite from marine black shales (Large et 
al., 2014). This dataset of TE throughout the past 3.5 billion years, based initially on some 1885 pyrite analyses 
(Large et al., 2014), and now updated to include over 2200 analyses for the late Neoproterozoic-Phanerozoic 
(Large et. al., 2015a) has revealed that essential TE in the oceans fell below critical thresholds during three mass 
extinction events at the end of the Ordovician, Devonian and Triassic. Mechanisms for these extinction events 
are debated, although scenarios for these events involve global climate change associated with widespread 
anoxia and eustatic sea level changes (Ordovician, Devonian) as well as the Central Atlantic Magmatic Province 
(CAMP) eruptions (Triassic) (Table 1).  Here we present the evidence based on known environmental and 
tolerance levels of Se in a range of extant organisms from phytoplankton to vertebrates to propose how distinct 
periods of severe Se depletion in past oceans offers a potential new causal factor in these mass extinction events.  
1.1. Selenium, Weathering and Oceans 
Se, a naturally occurring metalloid, is unique in that although it is an essential micronutrient in most organisms, 
including bacteria, archaea, fish and shellfish, it may be toxic at high concentrations and has a very narrow 
concentration window for sustaining marine life, as discussed further below. The Se content of the crust 
averages 0.05 ppm, with the highest levels found in shales (up to 675 ppm), coals (up to 20 ppm) and volcanic 
tuffs (up to 9.2 ppm), compared with igneous rocks that range from 0.01 to < 2 ppm (Plant et al., 2005). 
Cretaceous organic-bearing chalks are also reported to contain up to 70 ppm Se (Kulp and Pratt, 2004). 
Selenium has multiple oxidation states -2, 0, +4 and +6. Under oxic geological conditions selenate (Se6+) is the 
predominant inorganic species; under suboxic conditions selenite (Se4+) is predominant, but in anoxic to euxinic 
environments selenide (Se2-), organo-Se complexes and elemental Se0 are most stable. Both selenite and 
selenate are highly soluble, but selenite is readily absorbed onto iron oxides and organic matter, especially in 
low pH environments, leading to its retention in the soil profile under favourable conditions (Neal et al., 1987). 
Consequently, selenite is less bioavailable than selenate (Fordyce, 2007). Oxidation of Se4+ to Se6+ enhances Se 
mobility and persistence in natural waters.  
The principal crustal weathering source of selenium is disseminated pyrite in sedimentary and volcanic rocks 
where the Se substitutes for S in the structure of pyrite. Sedimentary pyrite contains from <0.5 to 6800 ppm Se 
with an arithmetic mean of 97 ppm (Large et al 2015b, Table 2).  Oxidative weathering of pyrite leads to the 
release of selenium as both the selenate and selenite species. Under neutral to alkaline conditions the selenate 
species remains highly soluble, where it can be readily transported via river systems to the ocean (Cutter, 1989). 
Under reduced conditions, continental weathering releases little soluble Se, as the selenide, elemental Se0 and 
organo-selenium complexes are relatively insoluble (Kulp and Pratt, 2004). Thus, significant increases in 
atmospheric oxygen, accompanied by active erosion, can lead to a major increase in the supply of soluble Se to 
the ocean. The degree of oxidation and pH controls the selenate to selenite ratio of the released selenium, which 
in turn controls the Se solubility in surface run-off, and consequently the amount of Se which is delivered to the 
oceans, other factors remaining constant. Studies of dissolved TE supply from rivers to the ocean (Kharkar et 
al., 1968) indicate that Se has a narrow concentration range, similar to Ag, Co, Rb and Cs and in contrast to Mo, 
Cr and Sb, which show extremely large variations from river to river. This study also showed that most of the 
stream load of Se was dissolved, with only 10% adsorbed onto particles, which became desorbed on contact 
with seawater.  
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In the marine environment three species are present, selenite, selenate and a form of organic selenides (Cutter 
and Bruland, 1984). Selenite is supplied from decomposition of selenite-silicate compounds in the hard tissues 
of phytoplankton in the tropical and subtropical parts of the Pacific Ocean (Nakaguchi et al., 2008). Organic 
selenides (seleno-amino acids in complex peptides) dominate surface waters down to about 200 m, below which 
selenate and selenite are the major dissolved species (Cutter and Cutter, 1995). The low concentration of 
dissolved oxidised Se in the upper ocean layers is due to biochemical reduction of the oxidised species into 
labile organic particulates during assimilation by marine organisms, which sink, die and dissolve, consequently 
regenerating the dissolved selenate and selenite species at lower ocean levels, typical of a nutrient profile. In the 
deep ocean the oxidised Se species are reduced to Se0 or HSe-, and incorporated into pyrite (Mitchell et al., 
2012). A small fraction of the organically fixed selenium eventually deposits in seafloor muds (Herring, 1991). 
Ryser et al. (2005) showed that Se in black shale is present as anaerobic microbial respiration products resulting 
from microbial reduction of Se oxyanions; including Se-substituted for S in pyrite, di-selenide carbon 
compounds and dzharkenite (FeSe2; an isometric polymorph of ferroselite). Experimental studies (Diener et al., 
2012) indicate that Se2- in solution is taken up (98%) by pyrite to produce a FeSSe compound with a slightly 
distorted pyrite structure. Ferrosilite (FeSe2) has also been produced by reacting nano particles of pyrite and 
greigite with selenite and selenate bearing solutions (Charlet et al., 2012). Our LA-ICPMS imaging of pyrite in 
black shales of various metamorphic grades indicates that pyrite is considerably enriched in Se compared with 
the clay-rich and organic-rich matrices. Our analytical data indicate that Se in pyrite is enriched, on average, 5.8 
times over the Se content of the black shale matrix (which commonly contains microscopic grains of pyrite). 
This compares with Mo, which is only enriched 2.5 times relative to the matrix. 
2. Analytical methods 
2.1 Trace Element Analysis. 
Trace element analysis of sedimentary pyrite was performed using LA-ICPMS. All analyses were conducted at 
the ARC Centre of Excellence in Ore Deposits (CODES), University of Tasmania. Instrumentation used 
involved a 213 nm solid-state laser microprobe (UP213, NewWave Research) coupled to an Agilent 7500a 
quadrupole mass-spectrometer, and a 193 nm solid-state laser microprobe (UP193ss, NewWave Research) 
coupled to Agilent 7700s quadrupole mass-spectrometer. Laser microprobes are equipped with custom-made 
constant-geometry ablation cells. The proof of concept paper demonstrating how this method works, detailing 
exact methods used and quality of TE data collected is Large et al. (2014) and this is further discussed in Large 
et al. (2015a, b). Locations of the 182 black shale samples and individual pyrite analyses used in this research 
are given in the Supplementary Information of Large et al. (2015a). All samples are black carbonaceous shales 
containing from 1 wt% to 15 wt% pyrite. The pyrite commonly formed under variable anoxic to euxinic water 
columns, principally in continental margin marine environments. Detailed sedimentological environmental data 
necessary for precise definition of the tectonic/sedimentary setting of each sample is not available. 
2.2. Determining Selenium Levels in Phanerozoic Oceans 
Levels of Se in the current oceans are between 60 to 120 ppt in surface water, and 200 ppt in deep waters 
(Sugimura et al., 1976). TE level in seawater is robustly correlated with TE abundance in pyrite, based on 
samples forming in the Cariaco Basin in Venezuela (Large et. al., 2015a). Based on current Se levels in seawater 
of 155 ppt (http://www.mbari.org/chemsensor/summary.html) and the pyrite dataset presented in Large et al. 
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(2015a), which yields a geometric mean for Se in modern pyrite from the Cariaco Basin (0.1 Ma) of 132 ppm 
(n=92), the following relationship can be generated:  
Seawater Se ppt = (pyrite Se ppm)/0.85 
This is a first order relationship that is unlikely to apply to all marine environments at all periods of ocean 
history. However it is the best estimate available and is applicable to continental margin basins in the 
Phanerozoic, which is the dominant environment sampled in this study. 
2.3 Selenium Tolerance Levels in Extant Organisms 
Se is an essential TE for all animal life utilized in the formation of necessary anti-oxidizing enzymes and 
selenoproteins. A selenium cycle involving bacteria, fungi and higher plants metabolizing selenite and selenate 
was first proposed by Shrift (1964). Although not essential for plant growth, low concentrations improve 
growth, and some obligate plants hyperaccumulate Se with dry tissue containing from 1000-10,000 ppm (Fan & 
Kizer 1990). Se is utilised in the formation of the anti-oxidizing enzymes glutathione perioxidase and 
thioredoxin reductase. Selenocysteine, an amino acid containing Se, is found in both eukaryotes and 
prokaryotyes, with aquatic organisms having larger and more Se-dependent selenoproteomes, and in particular 
all vertebrates, both terrestrial and aquatic, have large selenoproteomes (Thisse et al., 2003; Lobanov et al., 
2007). Se can be used to accelerate growth in higher organisms, such as in sea bream larvae fed on Se-enriched 
rotifers (Kim et al., 2014). Se, however, is toxic if ingested in concentrations greater than 5 ppm per day, and if 
livestock ingest plants containing 20-50 ppm this causes ‘alkali disease’ an acute form of Se poisoning (Fan & 
Kizer, 1990). In high doses Se can also cause carcinostatic activity (Spallholz, 1994). 
 
Fig. 1. Selenium deficiency in two common taxa of phytoplankton (diatoms, A, Chaetoceros; B,Thalassiosira), 
with transfers of subcultures from artificial seawater (ESAW) with Se added to artificial seawater with Se 
depleted.  Note dramatic decrease after 250 hours if threshold level for minimum selenium drops by 1-2 orders 
of magnitude for Thalassiosira pseudonana.  From Harrison et al (1988). 
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Dissolved organic selenides account for nearly 80% of dissolved Se in uppermost levels of seawater and 
represent the source of Se for phytoplankton (Price & Harrison, 1988), of which 89% of oceanic diatom species 
require Se (Harrison et al., 1988). Within the food chain this in turn accounts for a large number of 
selenoproteins occurring in algae and fishes. Plankton cultures deprived of Se in seawater for >5 days did not 
recover even when Se was added afterwards  (Fig. 1; Harrison et al., 1988). The study concluded that it was 
more difficult for these Se-dependent microorganisms to recover after exposure to Se depletion than from 
exposure to nitrogen or phosphorus limitation. Similar results are found in Doblin et al. (1999) where three 
phytoplankton species (Gymnodium catenatum,  Alexandrium minutum, Chaetoceros cf. tenuissimus) showed 
rapid decline in Se deficient seawater, resulting in cessation of cell division after eight weeks of Se depletion. 
Many other studies confirm the dependency of plankton on minimal levels of Se in seawater (e.g. Wheeler et al., 
1982; Keller et al., 1984; Price et al., 1987, 1988). 
 
Fig. 2.  Phanerozoic time chart showing geometric mean values of Se in pyrite defining five cycles of relative 
TE enrichment, bracketed by shorter periods of TE depletion (Large et al., 2015a). Three major mass extinction 
events correlate with extreme Se deficiency preceding times of very low global oxygen (boxes A, C, E). Two 
models for global oxygen levels (Falkowski et al 2005; Berner 2009) are plotted against Alroy's (2010, Fig. 7) 
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marine biodiversity curve using global data. Major times of peak global oxygen labelled in green boxes, peak 
lows of Se and O2 in dark boxes. Major mass extinction events: E1, End Ordovician; E2, Frasnian-Famennian; 
Hangenberg; E3, Permo-Triassic; E4, end Triassic; E5, Cretaceous-Paleogene. Minor biotic crisis: Ta, Taghanic 
event; PETM, Paleocene-Eocene Thermal Maximum. IUGS Time scale, v.2013/01, January 2013. 
 
 
Se, thus, has a narrow margin of tolerance in biological systems (Fan & Kizer, 1990; Wang et al., 2012). Se 
levels at, or lower than, two orders of magnitude relative to current levels in current seawater strongly retard 
phytoplankton growth (Harrison et al., 1998). Se requirements in molluscs and fishes indicate lower limits for 
healthy growth that vary by one or two orders of magnitude (Wang et al., 2012; Hilton et al., 1980; Hamilton, 
2004). Molluscs, such as abalone, have ingestion ranges for Se tolerance around 1.4-9 ppm (Wang et al. 2012) 
and fishes have Se tolerance ranges from 0.15-0.38 ppm (trout, Hilton et al., 1980) to 7ppm (juvenile grouper, 
Lin & Shiau, 2005). These data are summarised in Fig.1 and form the basis of our interpretation of past oceanic 
levels reaching critically low in Se levels. We postulate that extreme levels of Se deficiency in the oceans in 
past times would have stressed a high proportion of the biota dependent upon Se, making them unable to make 
sufficient vital selenoproteins and enzymes. It is, however, difficult to quantify the exact magnitude of this 
effect on the marine food chain without more detailed taxon-specific knowledge about organismal tolerance 
levels.  
 
Fig. 3.  Mass extinction events at the end Ordovician with modelled levels of global oxygen (orange squares; 
Berner, 2009) and measured Se in pyrite (red diamonds, blue line) plotted with Alroy’s (2010) marine 
biodiversity curve (green line). Extinction pulses shown in red. The end Ordovician event, with diversity 
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diagrams of major groups of brachiopods (A, B) that begin to decline at around 450 Ma (Sutcliffe et al., 2001) 
just before the major extinction pulses (P1, P2).  
 
 
3. Results 
3.1. Se depletion and mass extinctions.  
The overall trend for Se levels observed throughout the Phanerozoic shows that,  relative to modern levels, Se 
dropped dramatically in the oceans below critical thresholds during three mass extinction events at the end of 
the Ordovician, Devonian, and Triassic (Figs. 2, 3). These three key biotic crises are further analysed and 
discussed in detail below.  
 
3.2. End-Ordovician Extinction Event.  
The end-Ordovician extinction was a complex event that commenced ~455 Ma and ended with two pulses, 445 
Ma and 443 Ma, which were preceded by south pole glaciations (Harper et al., 2013). Dramatic changes in sea 
level coupled with tropical ocean cooling possibly played a role in the extinctions (Finnegan et al., 2012), while 
others suggest euxinia and a sudden drop in oxygen caused the first pulse, with transgression of anoxic water 
onto continental shelves driving the second pulse (Hammerlund et al., 2012). The Se curve shows a massive 
drop in Se levels in pyrite from a peak at 523 Ma of 548 ppm Se (geometric mean), or 365 ppt for seawater Se 
using the concentration factor outlined above (Fig. 3), to lows of around 2 ppm (Se in pyrite) equivalent to c.1 
ppt (seawater Se) by 455 Ma (Fig. 3A), which equates to approximately <1% of the level of current Se levels in 
the modern ocean, well within a Se-deficient zone based on known tolerance levels for many extant marine 
organisms as discussed above. Selenium levels in pyrite then rise steeply into the Silurian.  
 
The two end-Ordovician extinction pulses thus occur after two prolonged pulses of Se depletion (Fig. 3A). The 
first major extinctions are documented as beginning in the later half of the second Se depleted phase (c. 457-449 
Ma) with select families of brachiopods (Foliomeria and Probosciambon faunas, early virgianid faunas, Fig 3A, 
labeled A, B), which decline from around 450-448 Ma (Sutcliffe et al., 2001). Extreme Se deficiency in the 
oceans fluctuated for about 13 Myr before the first major pulse of the extinction took effect, with the second, 
most severe pulse at the end of the Hirnantian only 2 Ma later (Harper et al., 2013). This extended phases of 
severe marine Se depletion at the end of Se cycle 1 (Fig. 2) would have made it difficult for complex organisms 
with large selenoproteomes to survive, and thus could have affected much of the marine food chain, with those 
species that were  more dependent on Se being the first to succumb. The great Ordovician biodiversification 
event, which took place throughout the Ordovician, and peaked before the Katian (Servais et al., 2009), was 
apparently not affected by the Se depletion events at the end of the period. 
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3.3. Middle-Late Devonian Extinction Events.  
The Middle-Late Devonian extinctions fall into two pairs of pulses starting with the Taghanic and Frasne Crises 
(House et al., 2002; McGhee et al., 2013, McGhee, 2014), followed by two events near the Frasnian-Famennian 
boundary (Kellwasser event; Gereke et al., 2012) and at the end of the Devonian (Hangenberg event; Sallan & 
Coates, 2010). The Mid-Givetian Taghanic Event (c. 385 Ma) is ranked as the 7th most severe biotic crisis in 
the Phanerozoic, with some 71 families of marine invertebrates going extinct (McGhee et al., 2013). The  
 
 
Fig. 4. A, the Mid-Late Devonian extinction events with measured Se in pyrite curve (red diamonds, blue line), 
modelled global oxygen (orange squares and line, Berner 2009) and Alroy’s (2010) biodiversity curve (green 
line). Extinction events in red, minor biotic crisis are in orange (extinction zone as shaded red background): TE, 
Taghanic event; FE, Frasne event; FF, Frasnian-Famennian event (Kellwasser); and HE, Hangenberg event (end 
Devonian). End Emsian extinctions (Long, 1993) are also here defined by a short, rapid Se decline. Examples of 
major vertebrate extinctions and events related to marine conditions: all placoderms (B), thelodonts (D), 
osteostracans (E), and in fact all armoured jawless fishes and many osteichthyan families (e.g. onychodonts, C) 
went extinct at the end of the Devonian (HE event). From the Taghanic event onwards, fishes began to show 
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adaptations for breathing air (Clement & Long 2010), as seen here in the large spiracles of the osteolepid 
Gogonasus (F, Long et al 2006, Clack 2007). 
 
Frasnian-Famennian Kellwasser event, dated at 373-374 Ma, saw widespread loss of marine species (13-40% 
loss at family level, 50-60% of all genera, 72-80% of all marine species lost; McGhee, 2014). The Hangenberg 
event (c. 359 Ma) saw further extinctions, with some 50% of all vertebrate diversity lost (Sallan & Coates, 
2010). The Kellwasser event has been characterised by the spread of oceanic anoxia, but may have been 
restricted to epicontinetal shelf seas and not necessarily as widespread as previously thought (George et al., 
2014). 
 
Fig. 5. Patterns of mean trace elements in pyrite through the Devonian. Blue arrows indicate minimum values 
where TE were likely deficient in the oceans. Trace element minima are shown to be sequential from Co in the 
Early Devonian to Se, Mo and Cd in the latest Devonian. 
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 Analyses of bio-essential TE abundance (such as Co, Cu, Ni, Mn, Zn, Mo and Cd) throughout Devonian time 
show a trend of sequential deficiency at staggered periods between 400-350 Ma (Fig. 4). The sequence of 
deficiency is Co (Emsian), Mn, Cu, Ni, Zn (Givetian), Mo and Se (Famennian) and Cd (Famennian-
Tournasian). The sequential deficiency is most likely related to redox potential and residence times of the 
respective TE. Co and Mn are the least soluble under oxidised conditions, with short residence times, whereas 
Se, Mo and Cd are the most soluble with longer residence times (Large et al, 2015a). Cu, Ni and Zn have 
intermediate residence times. Thus, as global anoxia increased through the middle to late Devonian, the TE were 
drawn down sequentially. Marine organisms not effected by the sequential deficiencies of Co, Cu, Ni and Zn in 
the Emsian to Givetian, could have been effected by the peak Mo, Se and Cd deficiencies in seawater over the 
Famennian to Tournasian period. The cycling of Cd, Ni and Zn in the oceans is intimately tied to biogenic 
cycles (Armoureaux et al., 2001), and Cu is associated with micronutrient cycles and a deep water scavenging 
process (Daniellson et al., 1985). Both Co and Cd can substitute for Zn in diatoms in Zn depleted waters, so it 
has been suggested that in certain TE-impoverished conditions substitution by other trace metals or 
metalloenzymes could be a common strategy for phytoplankton survival (Price & Morel, 1990). This strategy 
may not have been possible at certain critical times based on our data, which shows overlapping periods of peak 
depletion for many elements. 
Another observation arising from the Devonian Se chart (Fig. 4) is the sudden drop at the end of the Emsian, c. 
393 Ma (Fig. 5). This corresponds with another series of minor extinction event in the marine realm, where 
many vertebrate groups (most families of osteostracans, galeaspids, heterostracans, and several placoderm 
families) went extinct (Long, 1993; Janvier, 1996) followed by two extinction pulses where guilds of 
invertebrates went extinct in the early and end-Eifelian (Lower  and upper Kacak events; McGhee et al., 2013). 
Se has the longest period of deficiency, reaching its most depleted level at around 367 Ma, just following the 
Frasnian-Famennian event (Fig. 3B). This was the time leading up to 370 Ma that fish began breathing air 
(Clack, 2007; Clement & Long, 2010) and tetrapods, the first vertebrates equipped to leave the water and invade 
land, also appeared (Clack, 2014). Perhaps the collapse of the food chain resulting from the biotic crises at this 
time was a factor in tetrapods attempting to leave the water and invade land, although complete tetrapod 
terrestriality was not achieved effectively until the Early Carboniferous (Long & Gordon 2004). 
As SeO32- and SeO42- are relatively soluble under an oxygenated atmosphere, they were likely drawn down as 
insoluble HSe– species through the long span of Frasnian-Famennian anoxia. This pattern could have been 
reversed by large inputs of oxygen from the rapid increase in terrestrial plant biomass over the Middle-Late 
Devonian (Algeo et al., 2001; Gibling & Davies, 2012). The evolution of secondary growth in plants saw an 
increase in heights from around 2 m in the Middle Devonian to large trees up to 20 m by the late Famennian 
(Algeo et al., 2001). Land coverage by plants increased from ~10% to ~30% at this time and spread from 
lowland to also include upland habitats (Gibling & Davies, 2012). Both factors helped significantly increase 
global plant biomass between the Mid-Late Devonian, and thus, a large source of new atmospheric oxygen. We 
also note that massive sea floor exhalation from mid-ocean ridges and continental margins occurring as part of 
the Variscan orogeny from 356-345 Ma accounts for further injection of nutrients into the oceans bringing about 
increased marine photosynthesis and thus more oxygen (Tornos, 2006). 
10 
 
  
3.4. End-Triassic Extinction Event.  
Extinctions at the end of the Triassic (c. 201 Ma) include major losses in both marine and terrestrial habitats and 
are ranked as the second most severe Phanerozoic biodiversity crisis. In the marine realm about 20% of families 
and up to 50% of genera went extinct, including the iconic conodonts (Onoue et al., 2012). Terrestrial vertebrate 
extinctions included large archosaurs, except for dinosaurs, which paved the way for niche occupation by the 
dinosaur radiation in the Jurassic. 
 
Fig. 6. The end Triassic extinction event (ETE) showing two modelled oxygen curves (orange squares and lines, 
Berner 2009; orange curved line, Falkowski et al., 2005), measured Se in pyrite curve (red diamonds, blue line), 
modelled carbon dioxide levels (brown curve, Ruhl et al., 2011) and Alroy’s (2010) biodiversity curve (green 
line). Note the sudden decline in Se here marks the timing of the main extinction event well before oxygen 
reaches its peak low. 
 
The event has been linked to the massive volcanic eruptions of the Central Atlantic Magmatic Province that 
caused a rapid rise in atmospheric carbon dioxide and methane, with ensuing acidification and localised anoxia 
driving marine extinctions (Blackburn et al.,2013). Asteroid impacts have been invoked at this time based on 
the recognition of shocked quartz (Bice et al., 1992), but dismissed as having only localised extinction effects 
(Onoue et al., 2012). Data from long chain n-alkanes preserved in fossil plants suggest a strong warming effect 
on land caused by increased greenhouse gases (Ruhl et al., 2011).  
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Our data imply extremely low Se levels in the ocean between 202-190 Ma close to levels at the end of the 
Ordovician and Late Devonian as pyrite Se levels are about 2 orders of magnitude lower than in modern ocean 
pyrite, therefore a similar extinction mechanism could have been operating as during these earlier mass 
extinctions (Fig. 3C). Extremely low levels of Cd at 202-190 Ma are also lower than at any other time in the 
Phanerozoic.  
As mentioned above, the end-Triassic was also a time of increasing CO2 levels (Royer, 2006) and widespread 
high fire regimes (Belcher et al., 2010). One model shows O2 levels rising from around 10% PAL at 205 Ma to 
about 17% PAL by 190 Ma (Falkowski et al., 2005), whereas another shows O2 dropping from high levels at the 
end of the Triassic (23% PAL: c. 220 Ma) to a peak low at around 180 Ma of 14% PAL, followed by a gradual 
rise (Berner, 2009). However, despite conflicting estimates of oxygen levels at this time, the rapid decline in 
marine Se levels is clear (Fig 3C) and might therefore have been a more significant factor in the marine 
extinctions. Gaseous exchange of Se from phytoplankton to the atmosphere has been proposed as a way in 
which the biogenic cycle of oceanic Se can directly influence terrestrial Se levels (Armoreaux et al., 2001), so 
could have affected the terrestrial food chain. 
4. Discussion 
What caused severe Se and other TE depletions in the oceans is not yet resolved, but theoretically explainable. 
High atmospheric oxygen levels increase oxidative erosion, releasing more Se, Mo, Ni, and other TE into the 
oceans (Large et al., 2014; 2015). Increased nutrients in the oceans drive increased biogenic productivity and 
consequently more burial of organic matter which further fuels increased oxygen production as a positive 
feedback loop (Large et al., 2015a). As this regime continued, Se levels increased in the ocean. Subsequently, 
lower atmospheric oxygen or higher sea-level cover of land area meant less erosion due to less terrestrial 
oxidation, so lower amounts of TE moved into the oceans. This caused rapid drawdown of Se and certain other 
TE, leading to levels falling below critical thresholds necessary for sustaining most marine life. Based in the TE 
data the periods of minimum Se may have lasted up to 10 million years before rebound. Because of the low 
ocean productivity during the Se minima, nutrient TE drawdown would have slowed dramatically; however, 
nutrient supply related to continental erosion would be on-going. This resulted in a gradual build-up of TE in 
the ocean, activating a rebound of marine life and a consequent positive feedback of increased atmosphere 
oxygen. Thus, the upturn in oxygen and Se and recovery from extinction conditions may have been a part of the 
ocean-atmosphere cycles. 
Alternatively, the Se depletion cycles may have been broken by jumps in global oxygen from sudden major 
increases in plant biomass. In the Silurian, the primary invasion of land plants was widespread (Gibling & 
Davies, 2012). The Late Devonian saw a massive increase in land plant size from the predominantly mid-sized 
forms (around 2-3 m) in the Middle Devonian, to an abundance of tree-sized forms up to 20 m by the end 
Devonian, with plants occupying much larger land areas (Algeo et al., 2001). The end Triassic is also 
characterised by major increases in global CO2 associated with high floristic turnover (Belcher et al., 2010). 
Thus, in each of the three extinction scenarios it was possible that the increase of atmospheric oxygen supplied 
by increasing plant biomass could have been the significant factor in breaking the anoxia-Se cycle and restoring 
balance to the marine TE cycle. 
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The new data also fit well with the current explanation for the mass extinction event at the end of the Permian 
caused by massive volcanic eruptions (Table 1), where major marine extinctions are not related to anomalous 
TE levels (Knoll et al., 2007). There are also several Se depletion events prior to the major K-Pg boundary 
extinctions at 66 Ma.  We find no evidence in the fossil record to suggest these depletions had any major effect 
on marine ecosystems at the time, although we note the combination of low Se levels with low oxygen 
(Falkowski et al., 2005) was only attained during the other three prior mass extinction events that we have 
discussed (Fig. 2). The global extinction of ichthyosaurs around 93 Ma (Bardet, 1992) might potentially reflect 
the beginning of changes to the marine food chain caused by such effects or simply be an artefact of poor 
sampling (Benson et al., 2009). 
 
Table 1. Major Phanerozoic Mass Extinction Events. Summarises main evidence and most plausible hypothesis 
explaining the five major mass extinction events with comments on levels of trace element abundance in the 
oceans at these times. 
 
5. Conclusions 
We suggest that depletion of essential TE (in particular Se) to potentially lethal levels is shown to be highly 
correlated with, and a likely contributing factor to, at least three mass extinction events in the marine realm, in 
association with a range of other environmental factors such as increasing/decreasing global oxygen and carbon 
dioxide levels, euxinia and major eustatic sea level changes in the oceans. Increased atmospheric oxidation 
increased oxidative erosion, releasing more Se, Mo, Ni, and other TE into the oceans. Increased nutrients in the 
oceans drove increased biogenic productivity and consequently more burial of organic matter which further 
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fuelled increased oxygen production as a positive feedback loop. As this regime continued, Se levels increased 
in the ocean. Increased global anoxia in the oceans caused rapid drawdown of Se and certain other TEs. Lower 
atmospheric oxygen or higher sea-level cover of land area meant less erosion due to less terrestrial oxidation, so 
lower amounts of TEs flowed back into the oceans, leading to levels falling below critical thresholds necessary 
for a high percentage of marine life. The cycle was broken by sudden changes in oxygen levels, perhaps as 
result of rapid recovery by increased biomass of plants on land responding to higher CO2 levels or by invading 
more land area, as was the case at each of the three mass extinction events. 
The new data also fit well with the current explanation for the mass extinction event at the end of the Permian 
(Table 1), where major marine extinctions are not seen to have been related to anomalous TE levels. We have 
no Se data across the Cretaceous-Paleogene boundary, so cannot make any comment here.  
Our hypothesis is based on a 3.5 billion year history of trace element abundance in the oceans, but now needs 
further refinement from additional data, not only from pyrite samples filling in temporal gaps in our database, 
but also on minimal Se and other essential TE requirements across a wider range of living organisms to develop 
and test models of ecosystem collapse under times of severe TE oceanic depletion. 
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Table 2.  LA-ICMS trace element data taken  from Large et al. (2015a). 
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